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Introduction

A THERMAL analysis of the aircraft ice accretion phe-
nomenon shows that convective and evaporative cooling

are the dominant loss terms in the energy balance.1 Since both
the convective and evaporating cooling are proportional to the
local convective heat transfer coefficient h, a good characteri-
zation of the convective heat transfer is necessary to accurately
model the icing process. One concern is how the behavior of h
changes as ice accretes on a surface. As ice grows on a surface,
that surface becomes rough, altering the boundary-layer air
flow and thus the heat transfer. Recent heat transfer experi-
ments performed by Van Fossen et al.2 on a cylinder in cross-
flow under different turbulence and roughness conditions did
show that roughness, like that resulting from early ice growth,
forced a laminar boundary layer into transition.

The NACA 0012 airfoil cited in Ref. 1 was also used to obtain
local convective heat transfer coefficients from a roughened
surface. Tests were conducted in the NASA Lewis icing
research tunnel (IRT) and on the NASA Lewis Twin Otter air-
craft. Surface roughness was added to the airfoil by fastening
hemispheres of silver alloy to the surface with cyanoacrylic
adhesive. The hemispheres were 2 mm (0.078 in.) in diameter
and were attached to the airfoil in different patterns, similar to
those employed by Schlichting3 in his boundary-layer work.
These patterns were chosen to facilitate numerical modeling of
the roughness in various computer codes.

Three patterns were employed in the flight tests while four
were used in the tunnel tests. Figure 1 shows planar sketches of
the location of the roughness elements relative to the heat flux
gauges for each of the patterns: leading-edge roughness,
sparse roughness, dense 1 roughness, and dense 2 roughness.
The thermal resistance of the gauge surface was not altered
significantly because of the sparse spacing of the elements and
the high conductivity of the silver alloy. A numerical heat con-
duction computer model predicted that the tempertature at the
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tip of each roughness element was less than 0.28°C (0.5°F)
lower than the temperature of the smooth aluminum gauge
surface. Also, each roughness element generally increased the
heat transfer surface area by only 1% per gauge. No attempt
was made to account for the presence of the roughness ele-
ments in the data reduction.

The airfoil, test facilities and procedure, and the data reduc-
tion method were identical to those used for the smooth air-
foil.1 A complete description is given in Ref. 4.

Results and Discussion
Selected results of the rough surface heat transfer tests con-

ducted in the IRT as well as data obtained in flight are pre-
sented here. The data are plotted as Frossling number based
on chord (Fr-Nu/Re0-5) as a function of dimensionless sur-
face distance s/c (surface distance/chord). Special emphasis is
given to the effect on heat transfer of the different freestream
turbulence levels. The turbulence intensity measured with hot-
wire equipment during the flight runs was found to be very
low (<0.1%). However, in the IRT with the cloud-making
sprays off, the turbulence intensity level was found to be 0.6,
0.52, and 0.7% at tunnel air speeds of 31, 63, and 94 m/s (70,
140, and 210 mph), respectively.

The addition of surface roughness to the leading edge of the
airfoil (see Fig. la) had little effect on the heat transfer as
compared with the smooth cases. * It locally increased the stag-
nation point heat transfer about 10% but did not appear to af-
fect the downstream heat transfer. This increase can be par-
tially explained by the 4% increase in surface area caused by
the presence of the hemispherical roughness elements. It could
also be attributed to a disturbance of the boundary layer by
the relatively huge roughness elements followed by a return to
laminar flow sufficiently past the leading-edge trip point.

The flight and tunnel data for the sparsely roughened airfoil
(see Fig. Ib) at a 0-deg angle of attack and nominal Reynolds
numbers of 1.2 x 106 and 2.4 x 106 are presented in Fig. 2. The
axial positions of the roughness elements are denoted by the
arrows above the abscissa. The solid line on the figure repre-
sents the averaged, smooth-surface, 0-deg angle-of-attack
flight data from Ref. 1, and will be reproduced on subsequent
figures for reference. Compared with the smooth airfoil case,
the sparsely roughened airfoil data show an increase in heat
transfer on the stagnation gauge due to a boundary-layer dis-
turbance similar to that of the leading-edge roughness case.
Downstream of the stagnation region, the Frossling number
exhibits a pattern of increasing at and immediately down-
stream of the roughness row position, then falling off slightly.
Note that the downstream gauges show somewhat higher
Frossling numbers for the higher Reynolds number vs the
lower Reynolds number case. Power law curve fits of
Nu=A(Re)B showed that at an s/c >0.02 the Nusselt number
begins moving to a Reynolds number dependence higher than
Re05. This trend was especially true for the tunnel data and it
is an indication of boundary-layer transition.

With few exceptions, the flight and tunnel Frossling number
values on most gauges agreed with the calculated 5% uncer-
tainty limits for the low Reynolds number case. At the higher
Reynolds number, as was also observed with the smooth air-
foil case in Ref. 1, the two tunnel conditions agreed quite well,
but most gauges for both cases show tunnel Frossling number
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Fig. 1 Roughness element patterns: a) leading-edge roughness, b) sparse roughness, c) dense 1 roughness, and d) dense 2 roughness.
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Fig. 2 Frossling number vs dimensionless surface distance: sparse
roughness, 0-deg angle of attack, /te=1.2xl06 and 2.4xl06, flight
and IRT data.
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Fig. 3 Frossling number vs dimensionless surface distance: dense 1
roughness, 0-deg angle of attack, /te=1.2x!06 and 2.4xl06, flight
and IRT data.
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values 4-10% higher than corresponding flight values. Similar
trends were also observed on the 2- and 4-deg angle-of-attack
data, though the 4-deg case exhibited somewhat higher magni-
tude. Some gauges for the 2.4 x 106 Reynolds number show
tunnel heat transfer data up to 16% higher than the flight
data.

Increasing the density of the roughness elements from the
sparse to the dense 1 pattern (see Fig. Ic) has a dramatic effect
on the heat transfer downstream. The data for the 0-deg angle
of attack, dense 1 roughened airfoil, are illustrated in Fig. 3.
The heat transfer from gauges 2 to 8 is substantially higher
than the corresponding sparsely roughened case. Further
downstream, past gauge 7, the density of roughness elements
decreases, and at gauges 10 and 11, the effect of the increased
density of the roughness elements upstream seems to have
nearly damped out. This trend indicates that if there is
roughness of sufficient magnitude present, the boundary layer
is perturbed locally and immediately downstream. However,
as the density of roughness is reduced in the downstream
direction, the heat transfer recovers to a level that is consistent
with the sparse roughness pattern. For the lower Reynolds
number of 1.2x 106, both tunnel data sets again agree; how-
ever, they show values 2-8% higher than the flight data. The
2.4 xlO6 Reynolds number case illustrates similar behavior,
with the tunnel data being 18-25% higher than the flight data.
This result is somewhat surprising because it would seem that
as the boundary layer is more and more disturbed by the
roughness, the freestream turbulence would have less and less
effect on the Frossling number. However, in this dense 1 case,
the freestream turbulence appears to have a greater effect on
the heat transfer than in the sparse roughness cases. Moving to
a higher angle of attack did not alter this trend.

Frossling data vs s/c for the 0-deg, dense 2 roughness pat-
tern (see Fig. Id) are presented for low and high Reynolds
number cases in Fig. 4. Note that this graph shows only tunnel
data, as no dense 2 flight data were acquired. Examination of
Fig. 1 shows that the dense 2 roughness pattern is very similar
to the dense 1 roughness pattern, except that the roughness el-
ement density is constant throughout and does not decrease at
s/c > 0.04 as the dense 1 pattern does. As expected, the heat
transfer results for the dense 2 pattern are very similar to the
results of the dense 1 cases up to s/c of 0.04. For s/c > 0.04,
the Frossling number in the dense 2 cases, while still falling off
from the gauge 7 maximum and then leveling off, is somewhat
higher than the dense 1 data. Thus, the dense 2 roughness data
exhibit the same heat transfer behavior as the dense 1 cases,
except that the dense 2 data yield a higher Frossling number in
the region of higher roughness density (5/0 0.04). There is no
upstream heat transfer effect due to the increase of down-
stream roughness density.

Generally, it would seem that the IRT is a relatively clean
wind tunnel, at least with respect to heat transfer in the for-
ward portion of an airfoil. The slightly higher turbulence level
in the tunnel had minimal effect on the heat transfer from the
smooth airfoil at the lower Reynolds number; the higher
Reynolds number did illustrate a greater turbulence induced
heat transfer increase.1 The addition of surface roughness,
however, seemed to magnify somewhat the effect of turbu-
lence on heat transfer. The addition of spray atomizing air had
virtually no effect on the smooth or rough surface heat trans-
fer, and it is therefore believed that the spray air did not signif-
icantly alter the freestream turbulence level in the tunnel.

The general Frossling number dependence on angle of at-
tack is illustrated in Fig. 5 for the sparsely roughened airfoil.
The sparsely roughened airfoil data exhibited behavior similar
to the smooth airfoil concerning the aerodynamic stagnation
point. As the angle of attack increases, the aerodynamic stag-
nation point moves from gauge 4 toward gauge 3, which effec-
tively has a larger leading edge radius, thereby resulting in a
lower heat transfer coefficient on gauge 3. The flow then accel-
erates around the leading edge, which increases the heat trans-
fer at the geometric stagnation point (gauge 4). The down-

stream gauges, meanwhile, show the heat transfer increasing
with increasing angle of attack. The other roughness cases ex-
hibited similar angle-of-attack behavior.
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Fig. 4 Frossling number vs dimensionless surface distance: dense 2
roughness, 0-deg angle of attack, /te = 1.2x!06 and 2.4XlO6 , IRT
data.
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Fig. 5 Frossling number vs dimensionless surface distance: sparse
roughness, 0-, 2-, 4-, and 6-deg angles of attack, /?e = 2.4x!06, with
spray air, IRT data.
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Fig. 6 Frossling number vs dimensionless surface distance: dense 2
roughness, 0-deg angle of attack, IRT data (without spray) vs dimen-
sionless correlations for cylinder5 and flat plate.6
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Data were also acquired at a - 4-deg angle of attack, which
allowed more complete measurement of pressure side heat
transfer values. Comparing the -4-deg (pressure side) data
with the + 4-deg (suction side) data showed that for the
roughened airfoil the pressure side experienced lower heat
transfer than the suction side.

In computer codes, heat transfer from airfoils is often esti-
mated by using cylinder-in-crossflow heat transfer values in
the leading edge region and flat plate heat transfer values far-
ther aft. Figure 6 shows the IRT data for the dense 2, 0-deg,
without spray condition compared with the cylinder and flat
plate heat transfer values. The heat transfer in the stagnation
region for the dense 2 roughened airfoil agrees fairly well with
Frossling's5 smooth cylinder laminar flow solution. Moving
downstream on the airfoil, the heat transfer drastically in-
creases, reaching a maximum level near s/c of 0.035, and then
decreases to a level fairly consistent with turbulent flow flat
plate heat transfer values.6 The measured Frossling numbers
at specific Reynolds numbers are somewhat higher than their
respective flat pjate turbulent values. However, the higher
measured heat transfer may be due to the increase in surface
area caused by the roughness elements (3-7% increase on each
gauge for the dense roughness patterns) that was not taken into
account in the data analysis. It may be mentioned here that the
maximum heat transfer is in the same general region, if slightly
aft, of ice horn growth observed during glaze ice accretion.7

Conclusions
Local heat transfer measurements from a roughened NACA

0012 airfoil were successfully obtained in flight and in the
NASA Lewis icing research tunnel using the method and ap-
paratus described in this work. Major conclusions resulting
from this study are as follows.

1) The addition of roughness to the airfoil surface drasti-
cally increased the heat transfer downstream of stagnation.
The roughness elements disturbed the laminar boundary-layer
flow and in some cases caused a transition to turbulent flow.

2) Comparison of the flight and tunnel roughened surface
data showed that the general effect of increased turbulence
was a slight increase in heat transfer, especially at the higher
Reynolds numbers.

3) Generally, the roughened surface airfoil cases showed the
suction side heat transfer monotonically increasing with angle
of attack.
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Incompressible Steady Aerodynamics
Using a Standard Finite Element Code
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Nomenclature
A = nodal area
n = normal vector
SB = surface of the body
Sc = surface of the branch cut
SE = any external surface including the body
POO = asymptotic freestream velocity
V2 = Laplacian operator

<t> = velocity potential

Subscripts
( ) u = values of ( ) at the upper side of the trailing edge
()/ = values of () at the lower side of the trailing edge

I. Introduction

I N the last decade, great attention has been devoted to the
solution of the wave equation using the finite element

technique.1'2 The use of a finite element structural code for
general scalar fields can be approached on the basis of an
analogy between structural equations of elasticity and those
for the relevant scalar fields. For lifting aerodynamic fields,
the same approach may be used, but a new problem due to the
circulation must be solved. In this Note, a simple way to solve
steady incompressible aerodynamic fields around a body is
presented. The work extends the common approach for the
scalar fields using the standard structural finite element code
to lifting flowfields. One of the greatest advantages of this
approach is the possibility of using the standard preprocessing
tools developed for structural problems to aerodynamic
problems. The described approach can be used for general
three-dimensional bodies, or multicomponents airfoils, due to
the feasibility of realizing an unstructured mesh, as those
required by the finite element technique.

II. Theoretical Formulation
The classical aerodynamic problem is to develop the steady,

nonviscous, incompressible aerodynamic field around a body.
The governing field equation is

V2</> = 0 (1)

with the boundary conditions (Fig.l) as follows.
The body is a streamline:

— = 0 over SB (2)on

Asymptotic condition:

— = Poo - n over SE (3)
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